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Several lines of evidence have implicated matrix metalloproteinase 9
(MMP-9) as a protease inducing an angiogenic switch critical for
tumor progression. Among MMP-9-expressing cell types, including
cancer cells and tumor-associated leukocytes, inflammatory neutro-
phils appear to provide an important source of MMP-9 for tumor
angiogenesis. However, delivery of MMP-9 by neutrophils has not
been mechanistically linked to its catalytic activity at the angiogenic
site. By using a modified angiogenic model, allowing for a direct
analysis of exogenously added cells and their products in collagen
onplants grafted on the chorioallantoic membrane of the chicken
embryo, we demonstrate that intact human neutrophils and their
granule contents are highly angiogenic. Furthermore, purified neu-
trophil MMP-9, isolated from the released granules as a zymogen
(proMMP-9), constitutes a distinctly potent proangiogenic moiety
inducing angiogenesis at subnanogram levels. The angiogenic re-
sponse induced by neutrophil proMMP-9 required activation of the
tissue inhibitor of metalloproteinases (TIMP)-free zymogen and the
catalytic activity of the activated enzyme. That the high angiogenic
potency of neutrophil proMMP-9 is associated with its unique TIMP-
free status was confirmed when a generated and purified stoichio-
metric complex of neutrophil proMMP-9 with TIMP-1 failed to induce
angiogenesis. Recombinant human proMMP-9, operationally free of
TIMP-1, also induced angiogenesis at subnanomolar levels, but lost its
proangiogenic potential when stoichiometrically complexed with
TIMP-1. Similar proMMP-9/TIMP-1 complexes, but naturally produced
by human monocytic U937 cells and HT-1080 fibrosarcoma cells, did
not stimulate angiogenesis. These findings provide biochemical evi-
dence that infiltrating neutrophils, in contrast to other cell types,
deliver a potent proangiogenic moiety, i.e., the unencumbered TIMP-
free MMP-9.

inflammation � chick embryo model

Angiogenesis, the generation of new blood vessels from preex-
isting vessels, is a progressive physiological process in response

to tissue insult and a critical step in the pathology of tumor
progression (1, 2). Specific mechanisms, which are induced to
overcome the natural angiostatic state characteristic of the vascu-
lature in most adult tissues, lead to the angiogenic switch (3, 4). The
angiogenic switch involves in part the selective remodeling of the
tissue’s extracellular matrix (ECM) and/or basement membrane
before the endothelium can sprout and reorganize to form the new
blood vessels. This tissue remodeling involves a number of proteo-
lytic systems, including matrix metalloproteinases (MMPs) (5, 6). In
addition to matrix remodeling, MMPs have been shown to process
and generate angiogenic regulatory molecules and release or
activate sequestered growth factors and cytokines (7).

Growing evidence indicates that inflammatory cells, including
monocyte/macrophages and neutrophils, constitute a major cellular
source of the proangiogenic proteases in acutely or chronically
inflamed tissues (8–10). The association between inflammation
and pathologic angiogenesis has become more apparent as a
number of chronic inflammatory diseases have been linked to
malignancy (11). Monocytes/macrophages are persistently present
in the sites of pathological angiogenesis and have been closely

linked to tumor expansion (12–14). Neutrophils, acting alone or in
concert with macrophages, also have been linked to tumor pro-
gression by rapidly releasing their secretory granules filled with
prestored cytokines and proteases (8, 15). Indeed, the ablation of
neutrophils with antigranulocyte antibodies attenuated both
growth factor- and tumor-induced angiogenesis in mouse model
systems (16, 17). In addition, experimental studies using tumor
transplant or transgenic models have indicated a distinct role for
neutrophils and, specifically, for neutrophil MMP-9 in carcinogen-
esis and cancer progression (17–19). Reconstitution experiments
with MMP-9 null mice have demonstrated that MMP-9 produced
by bone marrow-derived inflammatory leukocytes, including neu-
trophils, appears to be a significant contributor to tumor develop-
ment and angiogenesis (13, 14, 20–22).

MMP-9 is one of two major gelatinases in the MMP family, which
in addition to efficiently and rapidly cleaving unfolded collagen
(gelatin) has been reported to cleave other matrix and nonmatrix
components (23–25). Some of the reported extracellular catalytic
actions of MMP-9 include generation of tumstatin from type IV
collagen (26) and release of soluble Kit ligand (21, 27) or bioactive
VEGF (20). The apparent release of VEGF from the ECM has
often been attributed to the functionality of MMP-9 during the
angiogenic switch (20, 21), even though the substrate target of
MMP-9 has not been conclusively identified. Thus, although
MMP-9 has been strongly associated with angiogenesis, its direct
catalytic reactions in vivo and regulation of its activity in angiogenic
processes remain largely undefined. Furthermore, when, where,
and how neutrophil MMP-9 exerts its proangiogenic action also has
not been well established.

We have previously demonstrated the functional role of distinct
inflammatory cells and their MMPs during physiologic and tumor-
induced angiogenesis by using a quantitative in vivo angiogenesis
model (28), modified from the original assay described by Folkman
and colleagues (29). In the model, angiogenesis is induced in 3D
collagen rafts grafted on the chorioallantoic membrane (CAM) of
the developing chicken embryo. We have shown that angiogenesis
involves the influx of inflammatory cells, including avian het-
erophils and monocytes/macrophages, and is facilitated by MMPs
released or produced by these cells, i.e., heterophil MMP-9 and
monocyte MMP-13, suggesting that both MMPs act as proangio-
genic proteinases (30, 31). This model system uniquely allows for
the functional analysis of exogenously added molecules or cells
without species-specific restrictions. Taking advantage of this dis-
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tinct feature, we have probed the regulatory mechanisms deter-
mining the proangiogenic status of neutrophil MMP-9 and dem-
onstrate a direct functional role of human neutrophils and
neutrophil MMP-9 in physiologic angiogenesis. The potent angio-
genic characteristics of neutrophil MMP-9 can be attributed directly
to its tissue inhibitor of metalloproteinases (TIMP)-free nature and
also its immediate availability upon release from stimulated neu-
trophils. Overall, the findings of this study provide mechanistic
reasons for the unique proangiogenic function of neutrophil-
derived MMP-9.

Results
Avian Heterophils and Human Neutrophils Induce Physiologic Angio-
genesis. Heterophils have been shown previously to constitute the
initial inflammatory cells that infiltrate angiogenic sites and provide
a major cellular source of MMP-9 (31). However, the actual
molecular components secreted by this analogue of mammalian
neutrophils and contributing to CAM angiogenesis were not inves-
tigated mechanistically. In the present study, we analyzed the
contribution of human neutrophils and their MMP-9 to angiogen-
esis. Purified human neutrophils and chicken embryo heterophils
were incorporated at 5 � 104 cells per collagen onplant. Both types
of granulocytes induced significant physiologic angiogenesis (Fig.
1A). A substantial, 4- to 5-fold increase in angiogenesis over control
was observed in collagen onplants supplemented with human
neutrophils, indicating that isolated neutrophils can functionally
replace exogenous heterophils as angiogenic inducers.

Neutrophil MMP-9 Is a Major Angiogenic Contributor. Immunocyto-
chemical staining with specific MMP-9 antibody confirmed that
purified neutrophils contained MMP-9 positive granules [support-
ing information (SI) Fig. 4 Left]. The neutrophils were induced to
release their granule contents with 160 nM phorbol 12-myristate

13-acetate (PMA) at 37°C. Within 20 min the neutrophils degranu-
lated and their MMP-9 immunoreactivity was greatly diminished
(SI Fig. 4 Right). The granule contents, referred herein as releasate,
were harvested and the neutrophil MMP-9 was then separated
from the other releasate proteins by gelatin Sepharose affinity
chromatography.

The neutrophil releasate, the flow-through fraction, and the
isolated neutrophil MMP-9 were analyzed by SDS/PAGE using
silver staining, zymography, and Western blotting (Fig. 1B and SI
Fig. 5). Silver-stained gels showed that neutrophil releasate con-
tained numerous proteins, �90% of which were retained in the
unbound fraction after gelatin Sepharose chromatography (Fig. 1B
Left). The eluate contained only three distinct protein bands with
apparent molecular mass of 90–95, 120–130, and 200–300 kDa,
characteristic of multiple neutrophil MMP-9 species (32). Parallel
zymographic analysis indicated three matching gelatinolytic bands
in both the neutrophil releasate and gelatin Sepharose eluate,
whereas the unbound fraction was substantially depleted of gela-
tinase activity (Fig. 1B Right). Corresponding MMP-9-specific
bands were identified in the neutrophil releasate and gelatin
Sepharose eluate by Western blotting, thus indicating that all three
gelatinolytic bands contained human MMP-9 (SI Fig. 5). Western
blotting also demonstrated that the intermediate 120- to 130-kDa
MMP-9 species contained human neutrophil gelatinase-associated
lipocalin (NGAL), confirming isolation of a characteristic neutro-
phil MMP-9/NGAL heterodimer. Under reducing conditions, all
high molecular mass forms of neutrophil MMP-9 collapsed to the
92-kDa proMMP-9 monomer (SI Fig. 5).

Neutrophil releasate and purified neutrophil MMP-9 were com-
pared with intact neutrophils for their angiogenic potential in CAM
onplants, and both proved to be potent inducers of physiologic
angiogenesis (Fig. 1C). As low as 1.5 ng of purified neutrophil
MMP-9 caused a 5-fold amplification in angiogenesis. Importantly,
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Fig. 1. Angiogenic potential of neutro-
phils, neutrophil releasate, and purified
neutrophil MMP-9. (A) Human neutrophils
efficiently induce angiogenesis. Isolated
chicken heterophils or human neutrophils
were incorporated at 5 � 104 per 30-�l col-
lagen onplant. Control onplants were sup-
plemented with only buffer. Presented is a
scatter plot from one of two independent
experiments for each cell type. Each point
represents the angiogenic index of an indi-
vidual onplant and horizontal lines are me-
dians (*, P � 0.05). (B) Purification of neu-
trophil MMP-9. Gelatin Sepharose affinity
chromatography was performed on the re-
leasate prepared from PMA-treated neutro-
phils. Proteins from the original releasate,
gelatin Sepharose flow-through fraction,
and the DMSO-eluted fraction (eluate) were
analyzed by silver staining (Left) and zymog-
raphy (Right). Positions of molecular mass
standards (kDa) are indicated to the left.
Zymography analysis indicated gelatinolytic
activity of three proteins (arrows) of molec-
ular mass corresponding to the MMP-9
monomer (90–95 kDa), MMP-9/NGAL het-
erodimer (120–130 kDa), and MMP-9 ho-
modimer (200–300 kDa). (C) MMP-9 is the
major angiogenic moiety in neutrophil re-
leasate. Collagen onplants were supple-
mented with neutrophils (average 1.5 � 104

cells per onplant), neutrophil releasate, pu-
rified MMP-9, or releasate depleted of MMP-9 (equivalent of 1.5 � 104 cells per onplant), whereas control onplants (empty bar) contained collagen alone. Bars
are means � SEM fold changes in angiogenesis from three independent experiments (*, P � 0.05; **, P � 0.001). (D) Neutrophil MMP-9 induces angiogenesis
in a dose-dependent manner. Collagen onplants were supplemented with purified MMP-9 (0.06–1.0 ng per onplant) or buffer only (empty bar). Bars are means �
SEM angiogenic index from two independent experiments. *, P � 0.05.
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the neutrophil releasate selectively depleted of MMP-9 did not
induce angiogenesis above the control levels, suggesting that neu-
trophil MMP-9 is the major proangiogenic moiety in neutrophil
releasate. Furthermore, the purified neutrophil MMP-9 induced
angiogenesis in a dose-dependent manner, yielding a 4- to 5-fold
increase in angiogenesis at subnanogram levels (Fig. 1D), translat-
ing to concentrations in the onplant as low as 100–200 pM.

Activation and Activity of Neutrophil MMP-9 Is Required to Induce
Physiologic Angiogenesis. Because neutrophil MMP-9 is released as
a zymogen, we analyzed whether subsequent activation of
proMMP-9 is involved in the induction of angiogenesis by taking
advantage of two human MMP-9-specific mAbs, i.e., 7-11C and
8-3H (33). The mAb 7-11C is capable of blocking activation of
proMMP-9, whereas mAb 8-3H binds to proMMP-9, but does not
inhibit its activation. Functional reactivity of these mAbs against
neutrophil MMP-9 was confirmed with p-aminophenylmercuric

acetate (APMA)-mediated activation in vitro (Fig. 2A). APMA
induced the conversion of neutrophil proMMP-9 to lower molec-
ular mass active forms as indicated by gelatin zymography. This
conversion was blocked by the addition of mAb 7-11C, but not by
mAb 8-3H.

We next analyzed the effects of the MMP-9-specific mAbs on
angiogenesis induced by neutrophil proMMP-9. The activation-
blocking mAb 7-11C, added to collagen onplants containing
neutrophil proMMP-9, caused a significant reduction in angio-
genesis, whereas mAb 8-3H did not affect the angiogenesis levels
(Fig. 2B). Importantly, mAb 7-11C also did not change the
baseline angiogenesis in onplants containing no MMP-9 (data
not shown). These results strongly indicate that activation of
neutrophil proMMP-9 is required for the induction of angiogenesis.

Neutrophils are reported to express no TIMPs (32); therefore,
neutrophil proMMP-9 would be released as TIMP-free proenzyme.
Indeed, we failed to identify even trace levels of human TIMP-1 in
the neutrophil releasate by Western blotting (data not shown). To
confirm that the proteolytic activity of TIMP-free neutrophil
MMP-9 is involved in the induction of physiologic angiogenesis,
natural tissue inhibitors of MMPs, TIMP-1 and TIMP-2 were added
to the collagen onplants at a 5-fold molar excess to the neutrophil
proMMP-9. TIMP-1 caused a substantial decrease (85–90%) in the
induced levels of angiogenesis (Fig. 2C), whereas the addition of
TIMP-2 resulted in only a 40–45% diminishment, consistent with
the reported differential in sensitivity of active MMP-9 to the
respective TIMPs (34). The addition of the MMP inhibitor GM6001
almost completely inhibited angiogenesis, confirming further that
MMP-9-stimulated angiogenesis depends on the catalytic activity of
the activated enzyme.

Angiogenic Capacity of Neutrophil MMP-9 Depends on Its TIMP-Free
Status. Because modulation of angiogenesis by natural MMP in-
hibitors was performed in large molar excess of inhibitors to
MMP-9, we examined the angiogenic potential of MMP-9 stoichio-
metrically complexed with TIMP-1. Neutrophil-derived, TIMP-
free proMMP-9 was incubated with either TIMP-1 or TIMP-2 in
5-fold molar excess, and then the protein mixture was passed over
gelatin-Sepharose to remove excess inhibitor and purify MMP-9/
TIMP complexes, which are known to form at a 1:1 stoichiometric
ratio (34). After the elution of the bound fraction from the
neutrophil MMP-9/TIMP-1 mixture, TIMP-1 was detected in the
eluate by both silver staining (data not shown) and Western blotting
with a TIMP-1-specific mAb (Fig. 3A Inset). Purified neutrophil
proMMP-9/TIMP-1 complexes were analyzed in vivo for angiogenic
properties and demonstrated to be completely incapable of induc-
ing angiogenesis (Fig. 3A). TIMP-2, known to bind to activated
MMPs but not to proMMP-9 (34, 35), was recovered in the gelatin
Sepharose flow-through of the neutrophil MMP-9/TIMP-2 mixture
and was not detected in the eluate, thus confirming that no
catalytically active form of MMP-9 was present in the original
preparation. Furthermore, the TIMP-2-free eluate retained angio-
genic potential and induced angiogenesis levels similar to those
induced by the repurified control neutrophil proMMP-9 that had
been incubated with buffer alone (Fig. 3A).

Overall, these results demonstrate that proenzyme activation
and the resulting catalytic activity of native TIMP-1-free neu-
trophil MMP-9 are required to induce angiogenesis and that
neutrophil proMMP-9 stoichiometrically complexed with
TIMP-1 dramatically loses its proangiogenic capability.

Angiogenic Capacity of Human proMMP-9 Purified from Different
Sources. Recombinant human proMMP-9 (rpMMP-9) includes
mainly monomers and some homodimers, but no NGAL het-
erodimers characteristic of neutrophil MMP-9. In addition, like
neutrophil MMP-9, rpMMP-9 is essentially TIMP-free. When
substituted for neutrophil MMP-9, low nanogram levels of
rpMMP-9 (1–3 ng) induced a significant, 4-fold increase in
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vation of neutrophil MMP-9 is required for the induction of angiogenesis.
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Control onplants (empty bar) were supplemented with buffer only (�). (C)
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angiogenesis (Fig. 3B). However, if rpMMP-9 was complexed
with TIMP-1, the purified stoichiometric rpMMP-9/TIMP-1
complex failed to induce angiogenesis. Furthermore, similar to
neutrophil MMP-9, rpMMP-9 did not bind TIMP-2 during the
preincubation with excess recombinant TIMP-2; thus, the re-
sulting rpMMP-9 eluate yielded similar angiogenic levels as the
repurified buffer control rpMMP-9 (Fig. 3B). These results
indicate that TIMP-1-free proMMP-9 purified from distinctly
separate sources is capable of causing physiologic angiogenesis.

The unique angiogenesis-inducing nature of TIMP-free
proMMP-9 was further illustrated when the MMP-9 purified from
neutrophils was directly compared with a MMP-9 isolated from
both human monocytic and human tumor cells (Fig. 3C). Condi-
tioned medium from PMA-treated U937 cells and HT-1080 fibro-
sarcoma was harvested, passed over gelatin Sepharose, and selec-
tively eluted, yielding a purified preparation of human proMMP-9.
However, unlike human neutrophil proMMP-9, the proMMP-9
produced by U937 and HT-1080 cells is secreted as, or subsequently
forms, a stoichiometric complex with TIMP-1 (corresponding Insets
in Fig. 3C). Addition of either monocytic- or tumor-derived MMP-9
into collagen onplants demonstrated that it was unable to induce
angiogenesis compared with the 5- to 6-fold induction caused by
equivalent catalytic amounts of neutrophil MMP-9 (Fig. 3C).

Collectively, these findings indicate that the unique levels of
angiogenic activity exhibited by neutrophil MMP-9 could be
attributed to its distinct TIMP-free nature. In contrast, mono-
cytic proMMP-9 and tumor cell proMMP-9, both naturally
complexed with TIMP-1, are clearly nonangiogenic, which illus-
trates a critical aspect of neutrophil MMP-9 in tumor angiogen-
esis and highlights a possible mechanism involved in regulating
the overall angiogenic capacity of MMP-9.

Discussion
Despite general agreement that inflammatory neutrophils are an
important source of MMP-9 at the angiogenic site during primary
tumor development, the specific catalytic functions of neutrophil
MMP-9 and their regulation have not been formally linked with the

angiogenic switch in an in vivo model. Therefore, no underlying
mechanism has been proposed to explain why neutrophil MMP-9
might function as a critical proangiogenic protease. Previously, we
used a quantitative angiogenesis model in the chicken embryo (28)
and demonstrated that avian inflammatory cells and their MMPs,
including monocyte MMP-13 and heterophil MMP-9, were critical
for the induction of both physiologic and tumor angiogenesis (30,
31). By taking advantage of this system, which allows for direct
access to the angiogenic site and testing of intact viable cells and
their delivered products, we directly analyzed for the involvement
of functioning human neutrophils and the catalytic capabilities of
their MMP-9 in angiogenesis.

First, as few as 1–5 � 104 neutrophils per onplant can provide
enough proangiogenic stimuli to increase the angiogenesis levels by
4- to 5-fold in as short a time period as 3 days. Because neutrophil
response at the site of inflammation is associated with rapid granule
release (24, 32), we verified that the neutrophil granule contents
contained the majority, if not all, proangiogenic moieties. By
separating via gelatin Sepharose affinity chromatography the only
gelatinase produced by neutrophils, i.e., MMP-9, from the bulk of
released proteins, we demonstrated directly that neutrophil MMP-9
was a critical proangiogenic molecule. Although neutrophils indeed
contain many proangiogenic factors, including VEGF, the amount
of VEGF released by stimulated neutrophils and retained in the
MMP-9-depleted releasate, i.e., �0.5 pg per 5 � 104 cells (36),
could not induce angiogenesis in our model (28). In contrast, 1.5 ng
of MMP-9, released by the same numbers of neutrophils, triggered
a 5-fold increase in angiogenesis levels, indicating its unique proan-
giogenic potential. As a proof of principal, human recombinant
MMP-9 was demonstrated to be proangiogenic at similar subnano-
gram concentrations (0.2–0.7 nM).

Using a specific antibody capable of inhibiting proteolytic pro-
cessing of proMMP-9, we were able to demonstrate that proenzyme
activation is required for induction of angiogenesis. However, as in
many other in vivo model systems, the natural activators of
proMMP-9 in our model system are unknown. Autoactivation by
conformational alteration of proMMP-9 upon substrate binding has
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changes in angiogenesis over control (no MMP-9 added; empty bars) from three independent experiments. *, P � 0.03 in one-tailed Student’s t test; ** and ***,
P � 0.01 and P � 0.001 in two-tailed Student’s t test, respectively.
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been demonstrated in vitro (37), but in vivo it remains an unex-
plored possibility. Direct activation of proMMP-9 by another
protease such as MMP-3 appears more likely, considering that
MMP-3 is highly capable of processing and activating the MMP-9
zymogen (38, 39).

Further experiments involving direct addition of natural and
synthetic MMP inhibitors confirmed that the catalytic activity of the
neutrophil MMP-9 enzyme is involved in angiogenesis. The differ-
ential inhibition of MMP-9-induced angiogenesis by 5-fold molar
excess levels of TIMP-1 versus TIMP-2 was consistent with the
known difference in the ki values of active MMP-9 for the two
TIMPs (34) and additionally indicated that neutrophil proMMP-9
undergoes activation before catalytically stimulating angiogenesis.
The possible substrates that active MMP-9 could enzymatically
modify include a number of ECM components (e.g., native and
denatured type IV and type I collagens) that upon cleavage might
provide a remodeled scaffold for the sprouting endothelium.
MMP-9 enzyme might also release sequestered growth factors or
cytokines such as VEGF and basic FGF or directly generate cleaved
products that are specifically proangiogenic (7). These MMP-9-
generated angiogenic factors could continue to function even
though MMP-9 may be subsequently cleared from the tissue.
Conversely, active MMP-9 might also degrade and thus eliminate
proteinaceous inhibitors of angiogenesis that normally maintain the
angiostatic state. That any one of these MMP-9-mediated cleavage
reactions occurs in vivo with the appropriate kinetics and is directly
responsible for MMP-9-induced angiogenesis has not yet been
demonstrated in any model system. The rapid and potent vascular
response of the CAM tissue to subnanomolar levels of neutrophil
MMP-9 indicates that this model system may help identify critical
MMP-9 substrates.

The presence of previously characterized forms of neutrophil
MMP-9, i.e., monomer, heterodimer with NGAL, and homodimer
(40, 41), raised a question regarding which species are responsible
for the angiogenic induction. All three forms have been found to be
proteolytically active against gelatin and native collagens (40).
Biochemically, both monomer and homodimer forms are equally
susceptible to catalytic activation by MMP-3 and inhibition by
TIMP-1, and enzymatically are quite similar in substrate proteolysis
(35). The possibility that NGAL in the MMP-9/NGAL heterodimer
was responsible for the unique proangiogenic properties of neu-
trophil MMP-9 was excluded in the experiments, demonstrating
that recombinant MMP-9, which is NGAL-free, was angiogenically
equal to neutrophil MMP-9. Furthermore, when purified NGAL
was exogenously added alone or with recombinant MMP-9, it did
not provide any significant additive or synergistic angiogenic activ-
ity (data not shown). It is possible however, that NGAL might
partially contribute to the effectiveness of neutrophil MMP-9 by
diminishing the turnover of the enzyme in targeted tissues as
evidenced by the studies of Moses and colleagues (42), who
demonstrated the stabilizing effect of NGAL on the MMP-9/
NGAL heterodimer. Therefore, it appears that the native neutro-
phil MMP-9 monomer moiety, possibly assembling into multimers
within collagen onplants, is sufficient to induce angiogenesis in our
model.

Our further analysis was focused on a possible biochemical
explanation for why MMP-9 released by neutrophils acts as a
uniquely potent proangiogenic molecule. Two major types of
inflammatory cells have been linked to the angiogenic switch at the
site of primary tumor development, i.e., monocytes/macrophages
and granulocytes, including neutrophils. These cell types can be
stimulated to produce and secrete MMP-9, therefore facilitating an
angiogenic switching mechanism. However, only neutrophils have
been shown to produce little or no TIMP-1, thus releasing their
prestored MMP-9 as a TIMP-free proenzyme (32). In contrast,
monocytes synthesize MMP-9 de novo in response to chemotactic
factors, cellular interactions, or adhesion to ECM (32, 43). Fur-
thermore, the induction of MMP-9 synthesis in cells of monocytic

origin is accompanied by production of TIMP-1 (32, 44) and
generation of MMP-9/TIMP-1 complexes (45). By using affinity
purification, we have affirmed that freshly isolated peripheral blood
mononuclear cells stimulated with PMA indeed release proMMP-9
complexed with TIMP-1 (data not shown). Importantly,
proMMP-9 complexed with TIMP-1 has been shown to be signif-
icantly impaired in its activation (45, 46), apparently because
TIMP-1, bound to proMMP-9 at its C terminus, maintains its free
N-terminal region available for inhibiting potential MMP-9 activa-
tors, such as MMP-3, or for complexing and blocking any active
MMP-9 molecules generated via autoactivation.

To emphasize that the neutrophil MMP-9 is released as a
TIMP-free zymogen, readily available for activation and further
enzymatic functions, we generated and purified neutrophil MMP-
9/TIMP-1 complex and tested its angiogenic potential. Neutrophil
MMP-9 presented in the MMP-9/TIMP-1 complex, which recapit-
ulates the presentation of MMP-9 by most other cell types, com-
pletely lost the capacity to induce angiogenesis. Similarly, a stoi-
chiometric complex of recombinant MMP-9 and TIMP-1 was
ineffective in the induction of angiogenesis. A most interesting
finding in this regard is the observation that the MMP-9/TIMP-1
complex naturally produced by human monocytic U937 cells and
tumor HT-1080 fibrosarcoma did not exhibit any proangiogenic
properties when added at levels of equal catalytic potential to that
of neutrophil MMP-9. These findings clearly indicate that the
TIMP-free status of neutrophil MMP-9 appears to be a prerequisite
of its unique angiogenic characteristics.

In conclusion, our study not only links directly the activation and
catalytic functions of MMP-9 at the site of angiogenesis, but also
explains biochemically why neutrophil MMP-9 may serve as a
unique proangiogenic molecule at the sites of physiologic and
tumor angiogenesis. Our results demonstrate that the TIMP-free
status of neutrophil MMP-9, readily available for rapid release by
neutrophils upon their influx into target tissue, is the major factor
determining the high levels of its angiogenic functionality.

Materials and Methods
Recombinant Proteins and Antibodies. rpMMP-9 and recombinant TIMP-1 and
TIMP-2 were a generous gift from Rafael Fridman (Wayne State University School
of Medicine, Detroit). The broad-range hydroxamate MMP inhibitor (GM6001)
was purchased from Sigma. mAbs specific to human MMP-9 were generated in
our laboratory (33). Murine mAbs against TIMP-1 (clone 7-6C1) and TIMP-2 (clone
67-4HIII) were purchased from EMD Biosciences, and rat mAb (clone 220310) to
NGAL (lipocalin 2) was from R&D. Purified NGAL was kindly provided by Marsha
Moses (Children’s Hospital, Boston).

CAM Angiogenesis Assay. CAM angiogenesis assay, a modification of the original
assay designed by Folkman and colleagues (29), was performed by using shell-
free COFAL-negative White Leggorn chick embryos essentially as described (28).
To prepare onplants, type I rat tail collagen (BD Biosciences) was neutralized and
used at a final concentration of 2.1 mg/ml. Tested ingredients, such as isolated
granulocytes, neutrophil contents, or purified proteins, were incorporated into
the collagen mixture at final concentrations indicated in Results and figure
legends. Four to six onplants, containing 30 �l of collagen mixture polymerized
within two grid meshes, were grafted on the CAM of each embryo. At least two
independent experiments were performed for each condition with five to six
embryos per variable. Angiogenesis was scored at 70–90 h with a stereomicro-
scope. Blood vessels visualized in the grids of the upper mesh were regarded as
angiogenic. Angiogenesis level was determined either as an angiogenic index,
i.e., percentage of angiogenic grids (number of grids containing blood vessels
over the total number of grids scored) or as a fold difference of a variable (intact
cells or cell components added into collagen) over control (collagen alone).

Isolation of Chicken Heterophils and Human Neutrophils. Heterophils were
isolated from the peripheral blood of 18-day-old chick embryos as described
(31). Neutrophils were purified from heparinized human peripheral blood by
6% dextran sedimentation, followed by red blood cell lysis with 0.15 M NH4Cl
and gradient centrifugation with 1.077 Histopaque. Purity of neutrophil
isolation was 80–90% as confirmed by Hema 3 staining.
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Cell Cultures and Treatments. Human monocytic U937 cells (ATCC) were main-
tained in RPMI medium 1640/10% FCS. To induce MMP-9 production, the U937
cells were incubated for 72 h at 2 � 106 cells/ml of serum-free medium supple-
mented with 160 mM PMA. Human HT-1080 fibrosarcoma (ATCC) was main-
tained in DMEM/10% FCS. To increase MMP-9 production, the HT-1080 cultures
were treated for 24 h with 160 mM PMA in serum-free DMEM.

Purification of MMP-9 and MMP-9/TIMP Complexes. Neutrophils were induced to
release their granule contents by incubating for 1–2 h at 37°C with 160 nM PMA
(Sigma). After centrifugation at 1,200 � g for 10 min at 4°C, the cell-free super-
natant (neutrophil releasate)wascollectedandkeptfrozenat�80°Cuntiluse.To
purify neutrophil MMP-9, neutrophil releasate was incubated with gelatin
Sepharose (Amersham Biosciences) for 1–2 h at room temperature. Because U937
cells also produce MMP-2, the MMP-9 induced by PMA treatment was separated
from MMP-2 by immunoprecipitation with anti-MMP-9 mAb 3-8H and protein G
Sepharose. Bound IgG/MMP-9 complexes were eluted with glycine, pH 3.5, and
immediately neutralized with Tris buffer, pH 7.4. Eluted MMP-9 was then sepa-
rated from IgG by gelatin Sepharose chromatography. To isolate proMMP-9
produced by PMA-treated fibrosarcoma HT-1080 cells, conditioned medium was
incubated with gelatin Sepharose. To isolate stoichiometric complexes of MMP-9
with TIMP-1 or TIMP-2, rpMMP-9 or purified neutrophil MMP-9 was incubated
with a 5-fold molar excess of recombinant TIMP-1 or TIMP-2 for 1 h at room
temperature, followed by incubation with gelatin Sepharose. Elution of bound
proteins from gelatin Sepharose was performed with 10% DMSO. Proteins in the
neutrophil releasate, the gelatin Sepharose flow-through, and eluate fractions
were analyzed by silver staining, zymography, and Western blotting.

Silver Staining, Zymography, and Western Blotting. Silver staining of the SDS/
PAGE gels was performed as described (47). Quantitation of proteins in the gels

was performed by using BSA standards within a 1- to 20-ng range. Gelatin
zymography was performed as described (31). For Western blotting, proteins
were separated by 4–20% SDS/PAGE and transferred to PVDF membranes. The
membranes were blocked with 5% nonfat dry milk/PBS/0.1% Tween 20, incu-
bated with 1 �g/ml of primary mAb, washed, and incubated with corresponding
HRP-conjugated secondary goat anti-mouse (Pierce) or anti-rat (Invitrogen) an-
tibodies. Specific bands were visualized after developing with SuperSignal West
Pico Chemilumninescent Substrate (Pierce).

Immunocytochemistry. Neutrophils were fixed on glass slides with cold methanol
and treated with 0.3% H2O2. Nonspecific binding was blocked with 2% BSA and
2% normal goat serum. The slides were incubated with 10 �g/ml of human
MMP-9-specific mAb 8-3H overnight at 4°C, followed by incubation with second-
ary goat anti-mouse biotinylated antibody for 30 min at room temperature and
then with AvidinD-HRP conjugate (both from Vector). After washing, the slides
were incubated with a diaminobenzidine chromogenic substrate and counter-
stained with Mayer hematoxylin.

Statistical Analysis. Statistical analysis was performed by unpaired Student’s t
test for P � 0.05. Angiogenesis levels are presented either as scatter plots where
each data point represents angiogenic index of individual onplant or as bar
graphs representingthemeans �SEM.Meanfolddifferencewascalculatedfrom
the ratios of angiogenic index determined for individual onplants over the mean
of angiogenesis index determined for control in each independent experiment.
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